Ion channel gating and kinase regulation of N-methyl-D-aspartate receptor 1 activity are fundamental mechanisms that govern synaptic plasticity. In this study, we showed that two mutant models (16p11.2del and Ddisc1) that recapitulate aspects of human cognitive disorders shared a similar defect in N-methyl-D-aspartate receptor 1-dependent synaptic function. Our results demonstrate that the expression of small-conductance potassium channels (SK2 or KCa2.2) was significantly upregulated in the hippocampus and prefrontal cortex of 16p11.2del and 129S:Ddisc1 mutant mice. Likewise, both mutant strains exhibited an impairment of T286 phosphorylation of calcium-calmodulin-dependent kinase II (CaMKII) in the hippocampus and prefrontal cortex. In vivo neural recordings revealed that increased SK2 expression and impaired T286 phosphorylation of CaMKII coincide with a prolonged interspike interval in the hippocampal cornu ammonis-1 (CA1) field for both 16p11.2del and 129S:Ddisc1 mutant mice. These findings suggest that alteration of small conductance channels and T286 phosphorylation of CaMKII are likely shared factors underlying behavioral changes in these two genetic mouse models.
Introduction
Neuropsychiatric disorders are characterized by changes in synaptic structure and composition of synapses in parts of the brain associated with cognitive function (Penzes et al., 2011; Gonzalez Burgos et al., 2012; Borrie et al., 2017; Reim and Schmeisser, 2017) . Such changes may result from genetic mutation (Corriveau et al., 1998; West et al., 2001) , modifications to protein-substrate interaction (Lovinger et al., 1986; Morishita et al., 2001) , and deformity of synaptic structure proteins (Shapiro and Eichenbaum, 1999; Chechlacz and Gleeson, 2003; Anticevic et al., 2012) . Together, these changes result in synaptic dysfunction and are underlying causes of the abnormal behavioral patterns that is observable in the affected individual.
In the hippocampus and prefrontal cortex (PFC), synaptic long-term potentiation (LTP) is modulated by N-methyl-D-aspartate receptor 1 (NMDAR) activation (Li et al., 2001; Salter and Kalia, 2004) , which is regulated, in part, by ion movement and synaptic kinase molecular switch systems (Giese et al., 1998; Gao and Zhao, 2018; Incontro et al., 2018) . NMDAR signaling, through increased Ca 2þ current, couples synaptic potentiation to cellular regulation by promoting the phosphorylation of downstream kinases (Borrie et al., 2017; Reim and Schmeisser, 2017) . However, NMDAR potentiation in glutamatergic neurotransmission and accompanying Ca 2þ flux are not isolated events during LTP. Tuning of NMDAR-mediated Ca 2þ current by smallconductance potassium channels (SK2 or KCa2.2) constitutes an ion channel gating mechanism of synaptic potentiation. SK2 is activated by Ca 2þ currents generated by the GluN1 subunit of NMDAR during synaptic potentiation. Since SK2 channels are activated by GluN1-mediated Ca 2þ currents, an increase in synaptic potentiation will equally increase SK2 activity and K þ efflux (Hammond et al., 2006; Allen et al., 2007; Lin et al., 2008; Allen et al., 2011) . Together, synaptic potentiation embodies the movement of ions in organized events of oscillation between Ca 2þ and K þ currents (Hammond et al., 2006; Allen et al., 2011) . Previous studies have shown that the efficiency of this process is altered in some neuropsychiatric disorders (Decker et al., 2010; Dibue et al., 2013; Dibue-Adjei et al., 2017; Nakazawa et al., 2017) .
In synaptic potentiation, elevated levels of Ca þþ has been shown to initiate biochemical cascade through activation of synaptic regulatory calcium-calmodulindependent kinase II alpha (CaMKIIa; Lisman et al., 2002 Lisman et al., , 2012 . This is major synaptic protein that is structurally linked with the GluN2B subunit of NMDAR (Coultrap and Bayer, 2012; Coultrap et al., 2014) . When activated by Ca þþ currents, autophoisphorylation of the Thr286 site and increased Ca þþ -calmodulin (CaM) binding represent significant steps in LTP (Coultrap and Bayer, 2012; Lisman et al., 2012) . Although NMDAR hypofunction has been described in some cognitive disorders (Gandal et al., 2012; Snyder and Gao, 2013; Cohen et al., 2015) , recent work also suggest that genetic ablation of CaMKII can lead to synaptic and behavioral symptoms of developmental disorders (Yamasaki et al., 2008; Matsuo et al., 2009) . Because GluN1-mediated Ca þþ currents activates SK2 channels, which in turn decrease the threshold and frequency of action potentials, there is a rationale to test whether hyperactivity of SK2 channels can mediate NMDAR hypofucntion by blocking CaMKII activation. In a previous study, we described a possible relationship between CaMKII and SK2 activity in a model of developmental neuropsychiatric disorder that recapitulate NMDAR hypofunction. We noted an inverse relationship for the expression of CaMKII and SK2 on dendritic spines in the hippocampal cornu ammonis-1 (CA1) region of mice ( Figure 1 ). As such, after induction of NMDAR hypofunction, CA1 neurons exhibited significant loss of CaMKII, increased SK2 expression, and increased K þ leak current (Ogundele and Lee, 2018) .
NMDAR hypofunction (Snyder and Gao, 2013; Lee et al., 2015) has been reported previously in genetic mutations that recapitulates some of the symptoms of developmental neurocognitive defects. Specifically, microdeletion of 16p11.2del has been shown to cause some of the behavioral defects associated with autism, while its duplication has been linked with schizophrenia (Horev et al., 2011) . Likewise, mutation of the disc1 gene has been shown to cause a truncation of the structure of a synaptic protein-disc1 (Kvajo et al., 2008) . While 16p11.2del is broadly associated with a defective Erk1/2 signaling, disc1 mutation is linked to a defective neural GSK3b signaling (Mao et al., 2009; Pucilowska et al., 2015) . Interestingly, both mutations have demonstrated a significant similarity in synaptic pathophysiology as indicated by a significant loss of NMDAR function (Halene et al., 2009; Gandal et al., 2012) . However, till date, how these mutations might have impacted the expression of SK2 and CaMKII and their significance in the propagation of NMDAR hypofunction remains relatively unclear. Here, we investigated the relationship between SK2 expression and CaMKII Thr286 phosphorylation in the hippocampus and PFC of genetic mutant mice-16p11.2del and Ddisc1 mice-previously characterized by NMDAR hypofunction. Similar to pharmacologically induced NMDAR hypofunction (Ogundele and Lee, 2018) , our results demonstrate an overexpression of SK2 in the hippocampus and PFC of 16p11.2del and Ddisc1 mutant mice. In addition, both mutant models exhibited a defective T286 phosphorylation of CaMKII in the hippocampus and PFC.
Methods

Animals
Adult male (PND90-100) 16p11.2del (RRID: IMSR_JAX:01312) and Ddisc1 mutant (RRID: IMSR_JAX:002448) mice were acquired from The Jackson Laboratory (Bar Harbor, ME, USA). Both 16p11.2del and Ddisc1 mutant mice were bred on a 129S background and are characterized by NMDAR hypofunction in the cognitive centers. These mutant models are particularly suitable for studying aspects of synaptic and behavioral defects of autism (16p11.2del) and schizophrenia (Ddisc1). It is important to note that a broad range of other developmental synaptic defects may also be present in mice carrying these mutations. Generally, both 16p11.2del and Ddisc1 mice exhibit a significant decline in sociocognitive function. We used wild-type C57BL/6J mice (RRID:IMSR_JAX:000664) as controls because the 129S mouse line is prone to spontaneous mutation of the disc1 gene. Both mutant mouse lines (i.e., 16p11.2del and 129S:Ddisc1) have been characterized previously for the respective mutations and neurocognitive defects (Kvajo et al., 2008; Horev et al., 2011; Pucilowska et al., 2015; Dittrich et al., 2017) . Animals were housed under standard laboratory condition of 12-hr alternating light and dark cycle, with food and water provided ad libitum. All animal handling procedures were approved by the Institutional Animal Care and Use Committee of the Louisiana State University. Animals used for this study weighed between 22 and 26 g.
In Vivo Electrophysiology Recording
We conducted in vivo electrophysiological recordings in anesthetized mice. Animals were deeply anesthetized with urethane (0.2 mg/kg ip); then, the head was affixed on a stereotaxic frame. A toe pinch test was performed to ensure the absence of pain sensation before the commencement of the procedure. A 7 Â 7-mm skull area was removed using a drill bit (Dremel) to expose the dura. Drops of artificial cerebrospinal fluid were applied to this area to prevent dryness. Under a digital dissection microscope, the dura over the exposed area was carefully excised using a bent needle tip. An acute neural probe, with a 10-mm long and 50-lm thick shank, was used for this procedure (Neuronexus, MI, USA). The probe shank carried four electrodes arranged as a tetrode, with an interelectrode distance of 25 lm. The electrodes were connected to a 32-channel preamplifier head stage (Intantech, CA, USA), linked to a 512-channel recording controller and amplifier system (Intantech). The electrode was gently lowered into the brain tissue using an ultrafine (lm range) hydraulic micromanipulator (Narishige, Japan) to reach the CA1-dentate gyrus (DG) field at stereotaxic coordinates (AP: þ2.2 mm, ML: þ2.0 mm, DV: þ1.78 mm) relative to the Bregma. Stainless steel ground wires soldered onto the head stageelectrode adapter (Neuronexus; A4 to Omnetics CM32 adapter) were tied to a ground screw that was fixed in the occipital bone.
The stereotaxic apparatus, micromanipulator, electrode, and subject mouse were housed in a Faraday cage and were grounded to the recording controller amplifier unit. To ensure proper grounding, we assessed root mean square values (ranged between 3.2 and 5.0 lV) and checked baseline local field potential (0.1 Hz-200 Hz) for electrical noise (60 Hz). At the onset of each rerecording procedure, we tested the impedance of the electrodes at 1000 Hz. For all recordings, impedance measurement for the silicon tetrodes ranged between 0.6 and 3.1 megX. Single unit activity was recorded by setting on-chip digital signal processing (DSP) filter frequency (0.1 Hz), lower cutoff frequency (0.1 Hz), and an upper cutoff frequency (20000 Hz) in the recording controller software interface. Single-unit activity was monitored for 20 min to ensure the stability of the animal's vitals and electrode channel activity. Subsequently, we recorded the data continuously for 30 min. Acquired neural recordings from the CA1-DG field (continuous data) were processed in an Offline Spike Sorting software (Version 4.4.0; Plexon Inc., Dallas, TX, USA; RRID:SCR_000012). Further analysis of the sorted spikes was done in NeuroExplorer Version 5.121 (Nex Technologies, Fairfax, VA, USA; RRID:SCR_001818).
Neural Spike Processing and Analysis
Neural spikes were extracted from the continuous data through threshold crossing in the OFSS. The extracted spikes were sorted using an unsupervised valley-seeking method and clustering in three-dimensional (3-D) PCA space. Where necessary, unsorted spikes were assigned to clustered units, or invalidated if outlying. Sorted neural spike waveforms, clustered units, and continuous data were exported into the NeuroExplorer software for further analysis. Continuously recorded data from at least two electrode units were considered per mice. In the NeuroExplorer platform, autocorrelogram and interspike interval (ISI) histograms were plotted for the sorted spikes.
Immunoblotting
Deeply anesthetized mice were euthanized in an isoflurane chamber. The animals were transcardially perfused with 10 mM phosphate-buffered saline (PBS; pH 7.4), and the whole brain was removed. The harvested brain was rapidly placed in cold artificial cerebrospinal fluid maintained on ice and saturated with 95% oxygen/5% CO 2 . A clean razor blade was used to cut the brainalong the sagittal plane-into two (left and right) hemispheres. In both hemispheres, the hippocampus was microdissected, then extracted by exposing the space between the sensory cortex (above), and corpus callosum (below). Subsequently, a surgical blade was used to trim the left PFC. The harvested hippocampal and prefrontal cortical tissue were kept in separate tubes and stored at -80 C until further use.
Frozen hippocampal and prefrontal cortical tissue were incubated on ice with radioimmunoprecipitation assay lysis cocktail containing protease and phosphatases inhibitors. After 30 min, the incubated tissue was rapidly homogenized to obtain tissue lysate. We centrifuged the homogenate to obtain supernatants containing cytoplasmic, membrane, and synaptic fragments.
Then, 10 ll hippocampal lysate containing 10 lg of protein was processed for sodium dodecyl sulphatepolyacrylamide gel electrophoresis. After Western blotting (wet transfer), the polyvinylidene fluoride membrane was incubated in Tris-buffered saline (with 0.01% Tween 20) for 15 min (TBST) at room temperature. Afterward, the membrane was blocked in 3% bovine serum albumin (prepared in TBST) for 50 min at room temperature. The protein of interest and housekeeping protein were detected using the following primary antibodies; rabbit anti-SK2 antibody (Thermofisher Scientific, Waltham, MA, US. #PA5-41071; RRID:AB_2605451); mouse anti-CaMKIIa antibody (Thermofisher Scientific #MA1-048; RRID:AB_325403), rabbit anti-Phospho-CaMKIIa: T286, and (Cell Signaling, Waltham, MA, US. #12716; RRID:AB_2713889), rabbit anti-NMDAR1:GluN1 polyclonal antibody (Thermofisher Scientific #PA3-102; RRID:AB_2112003). All primary antibodies were diluted in the blocking solution at 1:1,000. Subsequently, the primary antibodies were detected using chicken anti-rabbit-HRP (Thermofisher Scientific #A15987; RRID: AB_2534661) or donkey anti-mouse-HRP (Thermofisher Scientific #A16017; RRID:AB_2534691) secondary antibody, at a dilution of 1:5,000 or 1:10,000. The reaction was developed using a chemiluminescence substrate (Thermofisher Scientific #34579). To normalize protein expression, the membranes were treated with Restore PLUS Western Blot Stripping Buffer (Thermofisher Scientific #46430) and reprobed with b-actin (8H10D10) mouse mAb HRP conjugate (Cell Signaling #12262S).
Immunofluorescence
The brain was fixed in 4% phosphate-buffered paraformaldehyde overnight at room temperature and then transferred to 4% phosphate-buffered paraformaldehyde containing 30% sucrose for cryopreservation at 4 C. Free-floating cryostat sections (20 lm) were obtained and preserved in 48-well plates containing 10 mM PBS at 4 C (WT-control: n ¼ 5, 16p11.2del: n ¼ 5; Ddisc1: n ¼ 6). The sections were washed three times (5 min each) in 10 mM PBS (pH 7.4) on a slow orbital shaker. Subsequently, nonspecific blocking was performed in normal 5% normal goat serum (Vector Labs, Malvern, PA, US. #S-1000; RRID:AB_2336615), prepared in 10 mM PBS þ 0.03% Triton-X100, for 1 hr at room temperature. The sections were incubated overnight at 4 C in primary antibody-rabbit anti-SK2 antibody (Thermofisher Scientific #PA5-41071)-diluted in blocking solution (10 mMPBS þ 0.03% Triton-X 100 and 5% normal goat serum). Subsequently, the sections were washed two times in 10 mM PBS and incubated in a secondary antibody-goat anti-rabbit Alexa 488 (Thermofisher Scientific #A-11034; RRID: AB_2576217)-diluted in the blocking solution. Secondary antibody incubation was done for 1 hr at room temperature, with gentle shaking (35 rpm). Immunolabeled sections were washed and mounted on gelatin-coated slides using ProLong TM Diamond Antifade Mountant (Thermofisher Scientific #P36970).
Quantification
Fluorescence imaging was performed using a Nikon-NiU fluorescence upright microscope configured for 3-D imaging. Z-stacks were obtained across a depth of 15 lm and converted into 2-D images through the extended depth of focus (EDF) option on Nikon Element Advanced Research software (RRID: SCR_014329). Normalized fluorescence intensity for immunolabeled proteins in the hippocampus and medial PFC was determined in optical slices for serial section images (n ¼ 5 ). Fluorescence intensity was quantified using Nikon Element AR. Mean cell count and intensity were determined per lm 2 for n ¼ 12 areas in several fields of view for consecutive sections. Fluorescence intensity was normalized by applying a uniform exposure time for a fluorophore-labeled protein in experimental and control brain slices.
Immunoblots
The expression of SK2, CaMKII, and GluN1 was normalized per lane using the corresponding b-actin expression. However, T286 pCaMKII was normalized by the corresponding CaMKII expression for each sample.
Statistical Analysis
Statistical comparison between WT, 16p11.2del and 129S:Ddisc1 protein expression, fluorescence intensity, time spent in sociability chamber, and neural activity was determined using one-way analysis of variance with Mann-Whitney post hoc test. This was computed in GraphPad Prism version 7.0 (RRID:SCR_002798). Here, we presented the results as bar graphs with error bars depicting the mean and standard error of mean, respectively, for all bar graphs.
Results
SK2
Our results showed that SK2 expression was significantly upregulated in the hippocampus and PFC of 16p11.2del and 129S:Ddisc1 mutant mice. Immunoblot analysis of hippocampal extracts demonstrates a prominent increase in SK2 expression for 16p11.2del (p < .01) and 129S: Ddisc1 (p < .05) mutant mice when compared with controls (Figure 2(a) and (b) ). This outcome was consistent with immunofluorescent labeling for SK2. Here, we compared normalized fluorescence intensity for SK2 that is colocalized with NeUN/DAPI in the CA1 of control and mutant mice. There was an increased labeling intensity of SK2 in the CA1 for 16p11.2del (p < .05) and 129S:Ddisc1 (p < .01) mutant hippocampus when compared with controls (Figure 2(c) and (d) ).
Similarly, immunoblot analysis of tissue extracts from PFC revealed a significant increase in SK2 expression for 16p11.2del (p < .01) and 129S:Ddisc1 mutant mice (p < .01) versus controls (Figure 2(e) and (f) ).
Normalized fluorescence intensity for SK2 that is colocalized with NeUN/DAPI also increased significantly in medial PFC sections of 16p11.2del (p < .01) and 129S:D disc1(p < .01) mutant mice when compared with the controls (Figure 2(g) and (h)).
CaMKIIa Expression and T286 Phosphorylation
In prior work, we showed that pharmacological inhibition of NMDAR was associated with a significant upregulation of SK2 expression and loss of CaMKII in the hippocampal CA1 region of mice (Ogundele and Lee, 2018) . The results of this study suggest a similar expression pattern for CaMKII and SK2 in the hippocampus and PFCs of 16p11.2del and 129S:Ddisc1 mutant mice. Immunoblot analysis of hippocampal tissue extracts reveals a significant decrease in neural CaMKII-normalized with b-actin-expression in mice carrying 16p11.2del (p < .05) and 129S:Ddisc1 mutation (p < .05) versus the controls (Figure 3(a) and (b) ). Furthermore, both mutant strains exhibited significant impairments in T286 phosphorylation of CaMKII when compared with the controls. As such, T286-phosphorylated CaMKII-phospho (T286) CaMKII-normalized with CaMKII-was significantly downregulated in the hippocampus of 16p11.2del (p < .001) and 129S:Ddisc1 mutant mice (p < .001) when compared with the control (Figure 3  (a) to (c) ). Like the hippocampus, both 16p11.2del (p < .01) and 129S:Ddisc1 mutant mice (p < .01) exhibited a significant loss of prefrontal cortical CaMKII expression versus the controls (Figure 3(d) and (e)). Furthermore, T286 phosphorylation of CaMKII in the PFC was also impaired for both mutant stains-16p11.2del (p < .001) and 129S:Ddisc1 mutant (p < .001)-when compared with the controls (Figure 3(d) and (f)).
NMDAR-GluN1
A significant part of the synaptic and cognitive deficits associated with 16p11.2del and 129S:Ddisc1 mutation has been linked to a change in the expression or activity of NMDAR. Our results show that the expression of the GluN1 subunit of NMDAR was significantly upregulated in the hippocampus of 16p11.2del mice when compared with controls (Figured 4(a) and (b); p < .05). However, no significant change was observed for hippocampal NMDAR-GluN1 expression in 129S:Ddisc1 mutant mice versus the controls. Similar to our observation in the hippocampus of 16p11.2del mice, the PFC also exhibited a prominent increase in NMDAR-GluN1 expression when compared with controls (p < .05; Figure 4(c) and (d) ). Furthermore, there was a significant increase in prefrontal cortical NMDAR-GluN1 expression for 129S:Ddisc1. Although NMDAR hypofunction has been described for the associated behavioral changes in mice carrying these mutations, our results show that the expression of NMDAR did not decrease when compared with the control. However, NMDAR hypofunction may have been induced by an increased SK2 expression (and activity) and defective T286 phosphorylation of CaMKII.
Bursting Activity
To evaluate the significance of synaptic changes in the PFC-hippocampus circuit, we assessed the synchronization of spontaneously evoked neural activity in the CA1-DG field, which receives significant inputs from PFC (Parent et al., 2010; Godsil et al., 2013) . Figure 5(a) illustrates the arrangement of electrodes on the shank of the silicon neural probe. Spikes extracted from the continuous data through threshold crossing were sorted into singleunit clusters in a 3-D PCA space (Figure 5(b) and (c)). After spike sorting, the continuous data were aligned with rasters for each neuron units, by time segments (Figure 5(d) to (f)). Subsequent analysis of spiking frequency (raster ticks) revealed a significant decrease in spontaneously evoked CA1 neural spikes for 16p11.2del (p < .001) and 129S:D disc1 mutant (p < .01) versus controls ( Figure 5(g) ).
When we examined the temporal firing pattern for neuron 1 (n1) and neuron 2 (n2) in a single spike train, n1 and n2 spikes were mostly out of phase in 16p11.2del and 129S:Ddisc1 mutant neurons. This was evident when a burst (2-3 spikes/s) in either the n1 or n2 spike train was chosen as the reference time t0 event ( Figure 5(d) to (f)). We further evaluated the aligned rasters and then manually matched rasters for n1 and n2. Rasters in the control spike train revealed a significantly higher number of bursts per unit time (50 ms) when compared with 16p11.2del and 129S:Ddisc1 mutant mice ( Figure 5(h) ; p < .001). In addition, there was a significant desynchronization in the firing pattern for an n1/n2 pair in 16p11.2del and 129S:Ddisc1 mutant CA1-DG field. When the neuron with the higher activity (spikes/s) was chosen as the reference event, neurons from mutant mice 
Refractory Period and the Significance of Upregulated SK2 Expression
In immunoblot analysis, our results demonstrate increased neural expression of SK2 in the hippocampus and PFC of 16p11.2del and 129S:Ddisc1 mutant mice (Figure 2 ). To adequately ascertain whether a change in SK2 expression was accompanied by increased SK2 activity, we measured neural refractoriness in the form of the ISI, which corresponds to the opening of K þ channels during the after-hyperpolarization phase of a synaptic potential. Controls exhibited a rapid ISI with a peak strength of 30 spikes/s. The peak strength reduced rapidly for successive firing (bursts; Figure 6(a) and (b) ). However, in 16p11.2del mice, there was a significant reduction in the ISI histogram peak strength (10 spikes/s) when compared with the control (Figure 6 (b); p < .01). Furthermore, the decay periods of the ISI histogram did not return to full resting potential, unlike the control (Figure 6(a) ; label i). Similarly, in 129S:Ddisc1 mutant mice, there was a significant decrease in ISI peak strength (15 spikes/s) versus the control (p < .01; Figure 6 (a) and (b)). Although there were intermittent decay periods, these intervals did not return to zero points in between peaks (Figure 6(a) ; label i).
In addition to a weak ISI peak for 16p11.2del and 129S:Ddisc1 mutant CA1-DG field, we also recorded a prolonged ISI in these mice. As illustrated by black arrowheads in the ISI histogram ( Figure 6(a) ), 16p11.2del and 129S:Ddisc1 mutant neurons recorded ISI at t0 ms, which suggests a prolonged ISI for events at t0-1 ms. Thus, the time interval between t0 and the successive ISI peak was significantly reduced for 16p11.2del (p < .001) and 129S:Ddisc1 mutant (p < .001) neurons versus the controls (Figure 6(a) and (c) ). When we plotted the peak of successive ISI histograms against time (from 0 ms to 500 ms), it was noted that the control ISI peaks reached resting potential (0 ISI/s) by 200 ms. Conversely, both 16p11.2del and 129S:Ddisc1 mutant recorded peaks above 0 ISI/s after the 500-ms mark. This is illustrated as a red arrowhead in Figure 6(d) .
Discussion
In this study, we examined both SK2 and CaMKII regulation of NMDAR in the hippocampus and PFC of 16p11.2del and 129S:Ddisc1 mutant mice. The rationale (d-f) Continuous recording with aligned rasters. The neuron with the higher spike count was used as the reference event, and the first burst was used as the start time for analysis (n1: neuron 1, n2: neuron 2). (g) Bar graph showing a one-way analysis of variance comparison for the spiking frequency (spikes/s). 16p11.2del (p < .001) and 129S:Ddisc1 mutant mice (p < .01) recorded a decrease in frequency of spontaneously generated CA1 spiking activity when compared with the control. (h) Bar graph demonstrating the comparative distribution of spike bursts in the action potential train for 16p11.2del (p < .001) and 129S:Ddisc1 mutant neurons (p < .001) when compared with the control. (i) Bar graph showing a significant decrease in correct trials for single unit activity in the CA1-DG field of 16p11.2del (p < .01) and 129S:Ddisc1 mutant mice (p < .01) versus the control. (j) 16p11.2del (p < .05) and 129S:Ddisc1 mutant (p < .01) neural activity was also characterized by prominent desynchronization. This was seen as an increased percentage error per trial when compared with the control.
for this study arose from our prior work in which we pharmacologically induced synaptic changes previously described in some developmental neuropsychiatric disorders (Ogundele and Lee, 2018) . There, we demonstrated a significant upregulation of SK2 and loss of CaMKII in the hippocampal CA1 region of behaviorally deficient mice, after an induced NMDAR hypofunction. This was particularly interesting as hippocampal neurons in these mice also showed a prolonged after-hyperpolarization phase when assessed through whole-cell patch clamp recording (Ogundele and Lee, 2018) . This led us to ask whether SK2 expression and function may be altered in genetic mutations that are broadly characterized by cognitive defects and alterations in NMDAR function.
Previous studies have identified synaptic changes for both the 16p11.2 copy number variation (microdeletion) and the Ddisc1 mutation (Kvajo et al., 2008; Horev et al., 2011; Wang et al., 2011; Pucilowska et al., 2015) . In the human population, Ddisc1 mutations and microdeletions of 16p11.2 gene locus have been identified as predisposing factors to complex neuropsychiatric disorders, such as schizophrenia and autism, respectively (Kvajo et al., 2008; Horev et al., 2011) . Among other defects, impairment of LTP, neurotransmitter imbalance, abnormal protein expression (Brandon et al., 2009; Pucilowska et al., 2015) , and defective glutamatergic neurotransmission have been described for these mutations (Tropea et al., 2016; Crabtree et al., 2017) .
Normal NMDAR expression and activity at postsynaptic densities underlie synaptic LTP and plasticity. As such, changes in the expression or activity of NMDAR can alter dendritic spine structure (Penzes et al., 2011; Gonzalez Burgos et al., 2012; Stein et al., 2015) . The regulation of NMDAR activity is particularly important Figure 6 . ISI as a measure of SK2 activity and trapping of CaM by T286 phospho (T286) CaMKII. (a) Neural activity recorded from 16p11.2del and 129S:Ddisc1 mutant CA1-DG field was characterized by a significant increase in the ISI. (b) Bar graph showing a reduction in ISI peak reduced for 16p11.2del (p < .01) and 129S:Ddisc1 mutant neural activity (p < .01) when compared with the control. (c) Bar graph depicting a rapid onset (at t ¼ 0) for ISI in 16p11.2del and 129S:Ddisc1 mutant neural activity (black arrowheads). As such, the onset for an ISI event (in t ¼ ms) was significantly reduced in 16p11.2del and 129S:Ddisc1 mutant neural activity (p < .001 versus the control). (d) Correlation plot showing a prolonged decay period for the ISI in mutant CA1-DG neural activity. The control showed a rapid onset (peak) and decay of ISI (200 ms). Conversely, 16p11.2del and 129S:Ddisc1 neural activities were characterized by a prolonged duration of ISI events (>500 ms); depicted a red arrow. ISI ¼ interspike interval.
in hippocampal and prefrontal cortical synapses concerned with cognitive function. While the hippocampus is responsible for the transient organization of cortical inputs (Eichenbaum, 2000) , with organized hippocampal-cortical outputs (Cutsuridis et al., 2010; Ratnadurai-Giridharan et al., 2014) , the efficiency of this process is dependent on the tuning of NMDAR activity through ionotropic and synaptic kinase interactions. Impairment of such regulatory processes may promulgate cognitive and behavioral defects (Morishita et al., 2001; Salter and Kalia, 2004; .
SK2 and NMDAR are colocalized at postsynaptic densities. Together with a-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor (AMPAR) receptors, SK2 regulates the excitability of NMDAR during synaptic potentiation (Hammond et al., 2006; Lin et al., 2008; Allen et al., 2011) . The ion channel is a homomeric tetramer, with each subunit having six transmembrane subunits (Keen et al., 1999; Schumacher et al., 2001) . During glutamatergic neurotransmission, Ca 2þ currents driven by NMDAR activity binds to apocalmodulin that is present on SK2 (Lee and MacKinnon, 2018) . Ca 2þ does not directly bind to SK2. However, it activates CaM on SK2 to create conformational changes necessary for the opening of the pore-forming subunits (Kohler et al., 1996; Maylie et al., 2004) .
Given that SK2 is calcium activated, an increased activation of NMDAR can promote SK2 activation. Mechanistically, repetitive activation of SK2 promotes K þ efflux that is necessary for terminating a Ca 2þ -dependent synaptic potential (Hammond et al., 2006; Lin et al., 2008) . Thus, the activity of SK2 may continue to increase until the cell returns to its resting potential (Allen et al., 2007 (Allen et al., , 2011 . The movement of Ca 2þ and K þ currents is organized as a synchronous oscillatory process that is dependent on the type of synaptic input and the duration of activation (Fakira et al., 2014) . The organization of this process is regulated broadly by CaMKII (which is structurally linked to the GluN2B subunit of NMDAR; Park et al., 2008) . During synaptic potentiation, generated Ca 2þ currents activate CaMKII and consequently facilitate its autophosphorylation at the T286 site. Phosphorylated CaMKII (T286) has a higher affinity for CaM, which increases its activity and affinity for further CaM binding (Dhavan et al., 2002; Coultrap et al., 2014) . This process has also been shown to be involved in the modulation of synaptic CaMKII localization in dendritic spines during synaptic potentiation (Coultrap and Bayer, 2012; Coultrap et al., 2014) .
Possible Involvement of SK2 and CaMKII in NMDAR Hypofunction
The results of this study showed that both 16p11.2del and Ddisc1 mutations are associated with a significant upregulation of SK2 in the hippocampus and PFC (Figure 2) . Although NMDAR-GluN1 expression was not reduced (Figure 4) , it is possible that the upregulation of SK2 in the hippocampus and PFC contributed to the impairment of NMDAR activity in these mutations. This is logical as increased SK2 function can reduce NMDAR potentiation and decrease synaptic Ca 2þ current (Hammond et al., 2006) . In addition to increased SK2 expression, we also found that CaMKII expression was significantly downregulated in both 16p11.2del and Ddisc1 mutation (Figure 3 ). Furthermore, both 16p11.2del and Ddisc1 mutant mice exhibited a significant impairment of T286 phosphorylation of CaMKII. Together, these outcomes suggest that a state of NMDAR hypofunction in the hippocampus and PFC of 16p11.2del and Ddisc1 mutant mice involves the dysregulation of ion channel and kinase gating of NMDAR activity. These changes were also associated with sociocognitive defects. As such, 16p11.2del and Ddisc1 mutant mice did not initiate social exploratory contact with novel mice introduced during sociability and social novelty behavioral tests. In addition, both mutant strains exhibited significantly defective memory index when assessed for object recognition memory.
Given that synaptic potentiation of NMDAR and CaMKII T286 phosphorylation are required for hippocampal-cortical neural encoding, we further determined whether a change in SK2 activity is directly related to the behavioral deficiencies exhibited by the mutant strains. Our results show a significant correlation between upregulated SK2 expression, impaired CaMKII T286 phosphorylation, and prolonged ISI duration (K þ channel opening). The ISI for 16p11.2del is particularly prominent with constant peaks and absence of valleys. This suggests a persistent activation of SK2 which reduced the frequency of spontaneous spiking in hippocampal CA1 neurons (Figure 5 (d) to (f)) and caused a significant loss of synaptic output (Figure 5 (g) and (h)).
Neural Encoding Is Defective in the CA1-DG Neurons
As mentioned previously, CaMKII phosphorylation at the T286 site is central to the tuning of NMDAR and SK2 activity. It is important to note that activation of SK2 occurs during the ISI and constitutes afterhyperpolarization currents that are short-lived (<50 ms). In a previous study, we have demonstrated that pharmacological inhibition of NMDAR was associated with an increased SK2 expression which promoted a prolonged after-hyperpolarization phase in wholecell patch clamp recordings. Here, we physiologically evaluated the activity of SK2 by measuring the ISI and organization of hippocampal-PFC output rasters in vivo. Our results showed that an increase in SK2 expression, coupled with the loss of CaMKII T286 phosphorylation, was linked with an increased ISI in 16p11.2del and Ddisc1 mutant CA1-DG field neurons. The effect of the prolonged ISI was further evident in the pattern of neural encoding for two single units recorded through the same continuous event (channel). Both 16p11.2del and Ddisc1 mutant neurons showed an increased percentage of error per trial in raster alignment.
Summary
Our results show that 16p11.2del and 129S:Ddisc1 mutations are associated with an impairment of T286 phosphorylation of CaMKII. Furthermore, both mutants show a significant upregulation of SK2 expression, which was associated with a prolonged ISI and impairment of neural encoding in vivo.
